Objectives: To investigate the effects of combined hormone replacement therapy (HRT) and its effective agents on the IGF-1 signaling pathway.
INTRODUCTION
Insulin-like growth factor I (IGF-1) signaling pathway is one of the key regulatory pathways of muscle mass [1] . Together with insulin and IGF-II, IGF-1 is the only extracellular growth factor known to promote the terminal differentiation of myoblasts thus enhancing muscle growth [2, 3] .
The respective pathway is activated as IGF-1 binds to its receptor, which initiates a phosphorylation cascade further leading to activation of the renowned Akt (also referred to as protein kinase B and Rac). Akt is a multifunctional protein kinase, which has been shown to exhibit an essential role in the control of cell growth, cell survival and apoptosis [4] [5] [6] and contribution to the regulation of glycogen synthesis is evident as well [7, 8] . A significant proportion of the growth promotion by IGF-1 and Akt results from the induction of protein synthesis. At least a part of the positive effect on muscle mass comes through Akt-activated mammalian target of rapamycin (mTOR), which further activates a pathway leading to increase of protein synthesis [9, 10] . In addition, Akt is reported to attenuate the activity of forkhead box O (FOXO) transcription factors [11, 12] . FOXOs induce the transcription of atrophy genes [4] , muscle ring finger protein 1 (MuRF1, also known as RNF28) and atrogin (also known as FBXO32 and MAFbx), and reduces the expression of the transcript for androgen receptor (AR) [13] . The phosphorylation of FOXO by Akt results in its sequestration in the cytoplasm away from the target genes [14] .
In our previous study, the Exercise and Hormone Replacement Therapy-trial (Ex/HRT), we examined the effects of a year-long power training and HRT on bone and muscle structure and function in early postmenopausal women [15] [16] [17] . We found for instance that HRT induced an average 6 % increase in knee extensor muscle cross-sectional area and 7 % increase in jumping height [17] . Also other studies have documented that HRT increases muscle mass, improves body and muscle composition or promotes muscle function [18] [19] [20] [21] [22] [23] . A direct involvement of HRT as a modulator of the effects of IGF-1 signaling in skeletal muscle has been poorly, if at all studied.
However, a clue concerning the involvement of the respective pathway in this context comes from the study of Vasconsuelo and colleagues [24] . They reported that 17β-estradiol (E2) activated the signaling cascade including PI3K and Akt in an estrogen receptor-dependent manner in C2C12 myoblasts.
The purpose of the study was to investigate the effects of estrogen-and progestogen-containing HRT and its effective agents, E2 and norethisterone acetate (NETA), on the expression of genes along the IGF-1 signaling pathway. To build up a general view concerning the in vivo effects of HRT on the pathway as a whole, we assessed the expression of genes encoding IGF-1 and its splice variants, IGF-1 receptor, Akt1, mTOR, FOXO1, FOXO3 and atrogin and further analyzed, whether the expression of these genes changed differently among women using HRT in comparison with the non-users during the one year intervention. We also measured the expression of genes encoding estrogen receptors (ESR1 and ESR2) and androgen receptor (AR), since these receptors may deliver the signal induced by HRT or its components. Furthermore, we utilized an in vitro model to examine, if the possible effects of combined HRT are due to E2 or its progestogenic counterpart, NETA, used in the respective preparation. According to our hypothesis the progestogenic agent may not represent just a passive component, but rather change the molecular milieu in muscle tissue together with estradiol.
MATERIALS AND METHODS

Study design and intervention
Details of the study design and interventions of the year-long Ex/HRT trial (ISCTN number ISRCTN49902272) are described in detail elsewhere [17] . Briefly, 1333 women at age 50 to 57 years were enrolled from which 118 went through an extensive medical and physical examination including determination of their menopausal status, as well as eligibility to the study (no serious medical conditions; no current or previous use of medication including estrogen, fluoride, calcitonin, biophosphonates or steroids; last menstruation at least six months but no more than 5 years ago; FSH level above 30 IU/L; no contraindications for exercise and HRT). Finally, 80 women were randomly assigned to one of the four study groups: power training (PT, n=20), HRT (n=20), PT+HRT (n=20) and control (CO, n=20). Since the current study focuses on the effects of HRT, only the HRT and CO groups were included in further analysis. From these groups ten women discontinued the intervention and both baseline and post-intervention muscle samples from eleven women were not available. Final group sizes were ten for the HRT and nine for the CO groups.
HRT was conducted double blinded. All study participants used either continuous, combined HRT preparation (2 mg of E2, 1 mg of NETA, Kliogest, Novo Nordisk, Copenhagen, Denmark) or placebo one tablet every day. Pure effective agents of the HRT, namely E2 and NETA (both from Novo Nordisk), were used in cell culture experiments. The study was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association and was approved by the ethics committee of the Central Finland Health Care District. Informed consent was given by all participants.
Anthropometrics
Body mass index (BMI) was calculated from height and weight measured with standard procedures.
Lean body mass (LBM) and body fat mass were assessed using bioelectrical impedance (Spectrum II, RJL Systems, Detroit, MI). Thigh muscle mass was assessed with computed tomography (Siemens AG, Erlangen, Germany) and analyzed using BonAlyse software (version 1.0, Commit Ltd, Espoo, Finland) as previously described [17] .
Serum hormone measurements
Blood samples were taken from the antecubital vein in a supine position between 07.00 and 10.00 AM. Serum samples were collected at baseline and post-intervention during the same day as muscle s a m p l i n g w a s p e r f o r m e d . T h e a l i q u o t e d s e r a w e r e s t o r e d i n -7 0 °C u n t i l a n a l y s e s . S e r u m concentration of IGF-1 was measured using solid-phase, chemiluminescent immunometric assay (Immulite 1000, Diagnostic Products Corporation, Los Angeles, CA). Serum concentration of E2 and testosterone were measured using time-resolved fluoroimmunoassay (DELFIA, Wallac, Turku, Finland). The intra-assay coefficient of variation for detection of IGF-1, E2 and testosterone was 4.3%, 3.8% and 8.2%, respectively.
Muscle biopsy sampling
Muscle biopsies were obtained from the mid-part of m. vastus lateralis defined as a midpoint between the greater trochanter and the lateral joint line of the knee both at baseline and after completion of the intervention as previously described [25] . The biopsy protocol was standardized within the study in order to avoid variation due to sampling. Both baseline and post-intervention muscle samples for the current analysis were available from ten participants in the HRT and nine in the CO group.
Microarray experimentation: RNA preparation, cRNA generation and array hybridization RNA preparation, cRNA generation and array hybridization procedures have been previously described [25] . Briefly, total RNA was extracted (Trizol, Invitrogen, Carlsbad, CA) from the muscle 
Microarray data preprocessing and validation
Gene expression data from ten users and five non-users was produced by HumanRef-8 BeadChips [26] and from four non-users by HumanWG-6 BeadChips [27] . Data from these two separate array types were combined and validated as presented in [27] . Briefly, hybridization of both samples from three CO subjects onto both Illumina platforms followed by a correlation analysis of the performance between the array types indicated that the resemblance of the two platforms was high enough (Pearson correlation coefficient, r=0.88-0.94) to allow the combination of the data.
However, using two different platforms caused detectable batch effect, which was corrected by using array type as a covariate in statistical testing. Before analysis, the microarray data was quantile normalized utilizing the affy package [28] of the R/Bioconductor analysis software (www.r-project.org, www.bioconductor.org). 
Data analysis
Univariate analysis of variance with the baseline measurement, and when appropriate the array type as covariates was used to compare the changes in the gene expressions between the HRT and CO groups. When a significant F-score was found the Bonferroni post hoc procedure was employed to locate the source of significant differences in means. The same analysis strategy was applied for serum concentrations as well. Analysis of variance for repeated measures was applied for cell culture data to investigate whether different treatments affected the amount of given gene transcripts or phosphorylated proteins.
RESULTS
The basic characteristics and serum hormone concentrations of the study participants are presented in Table 1 . The mean age (±SD) of the participants was 53. Table 1 , HRT had no effect on the serum IGF-1 or the serum testosterone concentrations between the users and the non-users. An expected increase in the concentration of E2 was observed among the HRT users (214 %, P<0.001).
The intramuscular expression of IGF-1 gene was up-regulated among the HRT users (13 %)
compared to the CO (-16 %, P=0.014, Fig 1) . The level of IGF-1 receptor was too low to be determined accurately in the microarray data. All three splice variants of IGF-1, i.e., IGF-1Ea, IGF-1Eb and IGF-1Ec, also known as the mechano growth factor or MGF, were up-regulated in the Figure 2 ). However, the only significant change between the groups was observed in the expression of IGF-1Ec. One participant had extremely high fold change (>40). However, excluding this individual from the analysis, did not change the significance of the analysis (P=0.005). Intriguingly, the change in the muscle expression of IGF-1Ec was associated with muscle mass measured at post-intervention (r=0.50, P=0.035, Fig 3) , but no such significant correlation with muscle mass was seen for any other splice variant of IGF-1 or other genes investigated. The transcript level of ESR2 was too low to be reliably detected from the array data.
To dissect the possible role of the effective agents of HRT on the modulation of the expression of genes or on the activation of proteins along the IGF-1 signaling pathway, we used an in vitro cell model, in which either E2 or NETA were fed to C2C12 derived myotubes. In our hands neither of these compound were able to induce statistically significant changes on the levels of transcripts investigated (P>0.05, data not shown). Even though a clear indication of the effect of 10 nM NETA on p-Akt was seen, it did not reach statistical significance (Fig. 4) . Moreover, no significant effects of E2 or NETA on the phosphorylation status of Akt or mTOR were observed (Fig 4) .
DISCUSSION
This is the first study to investigate the effects of a combined HRT and the effective agents of the same HRT preparation (E2 and NETA) on the IGF-1 signaling pathway. Our results indicate that
one-year use of HRT may change the expression of several genes along the IGF-1 signaling cascade in comparison with the non-users. This notion may perhaps hold relevance, since the observed effects on the gene expression along the IGF-1 signaling route in skeletal muscle coincides with improved muscle mass. Several RCTs have previously shown that the use of postmenopausal HRT has positive effect on either the whole body composition or directly on muscle mass [15, 17, 21, 22, 29, 30] , while in others the effects were not found [31] [32] [33] [34] [35] . Our study goes deeper into the detailed molecular mechanisms through which HRT may exert at least a part of its effects leading to preservation of muscle mass after menopause.
The change in the expression of one splice variant of IGF-1 gene, the IGF-1Ec, which is better known as the MGF, was associated with post-intervention muscle mass. MGF, which was first identified as a factor responding to muscle contraction, is nowadays regarded as a major activator of muscle satellite cells and as a direct growth factor [36] . Even though the synthetic MGF E-peptide has been shown to promote cellular proliferation and survival the actual role or even existence of the endogenous MGF E-peptide has recently confronted criticism [37] . However, there is no doubt that the IGF-1Ec mRNA exists and coincides with improvements in muscle mass. Hereby, greater muscle mass observed among the HRT users may hypothetically be a result from improved muscle repair systems, as well as, activation of growth promoting signaling cascades even though we do not know whether the effect is due to related (cleaved or not cleaved) E-peptide or the whole pro-IGF-1Ec. In our recent transcriptome-wide study, the expression of several myogenesis-related genes was found to be up-regulated in muscles of both the HRT users and the non-users suggesting an increased demand for muscle regeneration in the early stage of the postmenopause [27] . Studies investigating the influence of HRT or estrogen on exercise induced myogenesis or on satellite cell proliferation have also concluded that the preservative function of HRT on muscle mass may emerge from improved muscle regeneration due to activation of satellite or other adult stem cells [38] [39] [40] [41] [42] . These studies support our results suggesting that HRT may modulate its positive effects on body composition and muscle mass possibly through the activation of IGF-1-related signaling.
We found no difference between the HRT and the CO groups in the serum levels of testosterone and IGF-1. This indicates that the observed increment in muscle mass is not reflected by endocrine effects of IGF-1 or testosterone, but rather is due to the local activation of the IGF-1 pathway through autocrine or paracrine manner in response to HRT. To our knowledge, only two previous studies have tried to dissect the role of separate HRT regimens [18, 22] NETA. Therefore, a cell culture setting with myotubes fed with the respective agents was utilized.
However, we were unable to identify differential effects on transcription in this model.
Since the level of gene expression does not always reflect the true activation of signaling pathways, we analyzed the effects of E2 and NETA on the phosphorylation of Akt and mTOR. Akt1 is known to be activated by phosphorylation at two key residues: at Thr 308 by PDK1 and at Ser 473 by mTOR [43] [44] [45] . An indicati on of the possible effect of NETA on Akt at Ser 473 was observable, but statistical significance was blurred by high variation between the triplicates (Fig. 4C ). More specifically, the 10 nM treatment was observed to induce the phosphorylation of Akt even up to about five fold suggesting that NETA may exert an androgenic effect on the pathway under investigation, although the findings were not significant. A recent study by Vasconsuelo and colleagues reported that E2 induces the phosphorylation of Akt at Ser 473 in single-nucleated, undifferentiated C2C12 myoblasts. A striking difference in comparison with our multinucleated myotubes was that their myoblasts had no p-Akt in control cells, whereas p-Akt was expressed in our differentiated, control myotubes during the entire time frame studied. Importantly, the activation of Akt is known to govern the early and late steps of myogenic differentiation [4] . Our notion is supported by this fact and a recent study documenting that p-Akt is present between 24
and 120 hours during the differentiation of myoblasts into myotubes [46] . Thus, we may have been unable to catch the possible effects of the hormonal treatments due to high phosphorylation of Akt already present owing to myogenesis, albeit several different concentrations of the hormones and time points of treatments were tested during optimization of the experimental procedure. Therefore, it is possible that we were unable to observe the changes in phosphorylation status of Akt due to too narrow time window.
Activation of mTOR, a key regulator of muscle protein synthesis [47] , was studied using phosphospecific (Ser 2448 ) antibody. Since Akt is a direct activator of mTOR [9] , but also mTOR can activate Akt [44] these two kinases form a complex activation loop involved in the regulation of muscle hypertrophy and atrophy. However, neither E2 nor NETA was found to affect the amount of p-mTOR. There are only a limited number of studies investigating the effects of estrogen or progesterone on the activation of mTOR and, to the best of our knowledge, none using murine muyotubes as a model. For instance, Jaffer et al. were able to demonstrate estradiol-mediated upregulation of the amount of p-mTOR in rat uterine myocytes [48] , while, by using bovine mammary epithelial cells, Sobolewska and colleagues showed that both estradiol and progesterone suppressed the phosphorylation of mTOR thereby supporting our results [49] . As in the case of p-Akt, however, we cannot dissect out the possibility that high initial phosphorylation status of mTOR may have restrained us from detecting true induction of phosphorylation. These contradictory results from different cell types indicate the presence of some cell type specific effects of estrogen and progesterone.
Aside from the traditional anabolic signaling via activation of Akt/mTOR, IGF-1 or its splice variants may induce its effects on skeletal muscle through other pathways as well [50, 51, 52] . Our results concerning the induction of IGF-1 gene expression by HRT is supported by a previous study reporting that E2 t r e a t m e n t i n c r e a s e s t h e l e v e l o f I G F -1 i n t h e r a t u t e r u s [ 5 3 ] a n d n a t u r a l progesterone in glial cells [54] . Also testosterone has been shown to induce IGF-1 expression in human muscle samples [55] . Hewitt and colleagues have proposed a model along which E2 has the capacity to interact with AR in order to modulate transcription [56] . In our data, the gene expression of AR, IGF-1 and MGF were significantly up-regulated suggesting possible cross-talk between the given sex steroids and growth factors. Furthermore, AR-mediated induction of IGF-1 and MGF has been suggested to promote muscle growth by activating the β-catenin pathway [52] . Despite the somewhat confusing effects of HRT on muscle gene expression in this study the net sum appears to be positive since concomitant increase of muscle mass was observed.
The relatively small sample size in our RCT may have affected the results. On the other hand, the long duration of our study enables us to examine true adaptation to the HRT both at the level of phenotype and gene expression. The RCT design with repeated measures and using a single HRT In conclusion, the combined HRT used in the current study appeared to affect the expression of several genes along the IGF-1 signaling cascade when compared to the non-users. The observed muscle growth may perhaps result from cross-talk within sex steroid-IGF-1/MGF axis. Since we were unable to clearly identify, which of the components (E2 or NETA) in the combined HRT might be responsible for the observed effects it appears that either both effective agents are simultaneously needed, or that yet unidentified microenvironmental factors providing proper paracrine signals are critical for appropriate signaling to occur. Nevertheless, further research is needed to clarify the role of sex steroids and their interaction with other signaling pathways regulating muscle properties. 
TABLES
